Abstract
drawing more and more attention. Here we report joint and simultaneous continuous multi-23
parameter observations made at the restless Nisyros caldera (Greece), which reveal non-24 steady short-term oscillatory signals. The combined geodetic, gravimetric, seismic and 25 electromagnetic records indicate that the oscillations are associated with 26 thermohydromechanical disturbances of the hydrothermal system. The dominant period of 27 oscillation (40-60 min) indicates short-term processes most likely associated with 28 instabilities in the degassing process. Amplitudes of recorded geodetic and gravimetric 29 a distorted representation of the frequency of mass changes at depth [Rymer, 1994] . In 48 many cases, this frequency coincides with the frequency corresponding to the survey 49 interval and thus the real period of signals triggered by dynamic changes in the sub-surface 50 remains ambiguous. Clear evidence for a hydrothermal contribution to geophysical signals 51 recorded during time-lapse observations had been found only in a very limited number of 52 cases [Todesco, 2005 , Tikku, et al., 2006 , and information on the frequency of the 53 kinematics from multiparametric investigations is rare. In this paper we present an 54 integrated multi-parameter geophysical data set collected at the Nisyros caldera in Greece. 55
These data reveal fundamental short-term processes most likely related to instabilities in the 56 degassing process within hydrothermal aquifers. Thermohydromechanical (THM) 
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The study area is the central caldera of Nisyros Island (Greece; Fig. 1a) , which underwent 61 14 cm of ground uplift during a volcano-seismic crisis in the mid-1990s [Lagios, et al., 62 2005 ]. The caldera is believed to have formed during a large-scale eruption about 25ka 63 before present and was subsequently partly refilled by dacitic domes [Limburg and 64 Varekamp, 1991] . Historic eruptions are limited to phreatic explosions as evidenced by 65 numerous craters in the south-eastern part of the caldera. Along the caldera floor and the 66 southern caldera wall, surface expressions of an active hydrothermal system include 67 hydrothermal deposits, fumaroles, mud pools and boiling water pools [Caliro, et al., 2005; 68 Chiodini, et al., 2002] . The current model [Caliro, et al., 2005] of the subsurface structure 69 beneath the caldera features i) a magmatic body, at unknown depth, which supplies heat 70 and fluids to the hydrothermal system, (ii) a deep boiling aquifer (situated at more than 900 71 m below sea level), and (iii) shallow reservoir(s) at variable temperatures fed by a 72 mixture of vapor separated by the deep aquifer and meteoric water. 73
Gottsmann, et al., [2005] showed that the amplitude of residual gravity changes (corrected 74 for the effect of ground deformation on gravity) observed within the caldera between two previously identified as being affected by short-term changes [Gottsmann, et al., 2005] and 94 more than 120 h of simultaneous records were collected. For clarity, we have low-pass (1 95 min) filtered all records. In this paper, we focus on 2 data sets: a 24 hr record on May 16, 96
2006 and a 4 hr record on May 19, 2006. These were selected for the following reasons: (i) 97 on May 16, ground deformation, gravity changes and seismicity were recorded at the same 98 location while the VLF record was obtained ca. 600 m to the south-west, inside a phreatic 99 crater hosting boiling mudpools and fumaroles, enabling a spatial separation of the origins 100 of signals observed by the different instruments (Fig. 1b) , (ii) we recorded two teleseismic 101 events that day which allow us to assess the caldera system's response to external triggers 102 6 ( Fig. 1b) , (iii) we can employ the data set to monitor an instability in the subsurface 103 dynamics which we interpret to be a key phenomena for the understanding of processes at 104 restless calderas with hydrothermal activity (Fig. 2) , and (iv) using both May 16 and 19 105 records, the data enable a direct quantification of the timescale of short-term cyclic 106 oscillations at the caldera (Fig. 3) . 107 preceding the teleseismic events, the continuous gravimetric signal shows a roughly 111 periodic oscillation with maximum amplitudes of 0.015 mGal (Fig. 1c) . The GPS data 112 correlates with the gravimetric record (e.g., min 100-250), whereby ground subsidence is 113 matched by gravity decrease. This is the opposite behaviour one would expect if the 114 gravimeter is responding solely to ground deformation (a free air effect results in a gravity 115 increase with ground subsidence). Interestingly though, the GPS record displays several 116 spikes (at t = 30 min, 300 min, 450 min and 520 min) indicating relative ground motion of 117 up to 0.15 m whereas the GPS RMS (root mean square error) rarely exceeds 0.04 m. 118
Particularly, the min 445 event is associated with a RMS of less than 0.02 m. We can 119 exclude poor satellite coverage or multipath as sources for the observed ground 120 deformation as well as sidereal effects. Similar short-term ground deformation was 121 recently also observed at the Yellowstone caldera [Tikku, et al., 2003] . 122
The gravity record associated with this event shows a small local maximum, yet the 123 seismic record indicates a clear spike in the intensity data. Gravimetric data reduction for 124 the effect of ground deformation assuming a Bouguer density of 2100 kg/m3 for caldera fill 125 rocks, results in a residual gravity waveform with average amplitudes of 0.02 mGal (Fig.  126 translates into a change of the secondary induced electromagnetic field below the crater 136 floor. A similar response is also observable at 490 min, again coinciding with a peak in 137 seismic intensity. Unfortunately, no GPS data is available for this event, but the observed 138 gravity data shows a small local minimum. After 500 min, the VLF data indicates stable 139 electromagnetic properties of the shallow subsurface, that seem to be unaffected by 140 subsequent peaks in seismic intensity (whose waveforms seem to indicate an anthropogenic 141 origin). 142
The seismic waveforms of the 450 (Fig. 2b) , 480 and 490 min events suggest tremor 143 episodes rather than discrete events with a sharp onset and look similar to seismic records 144 from the caldera [Caliro, et al., 2005] , which were interpreted to reflect instabilities in the 145 degassing process at shallow depth (400-800 m below caldera floor). However, since our 146 seismic setup does not allow us to constrain their depth, we cannot exclude the deep 147 hydrothermal aquifer inferred to be located between 1300 and 1800 m below the caldera 148 floor as the source region for these seismic signals. Caliro and coworkers [Caliro, et al [Carniel, et al., 2003] , and interpreted as 155 the superposition of a series of discrete bursts, an interpretation that we also propose here. 156
We thus associate aforementioned bursts with instabilities during magmatic degassing, but 157 cannot provide unambiguous information on their source location. In another study, using a 158 burst is matched by a break in slope in the VLF record (black broken lines) followed by a 306 peak amplitude after a delay time of 18 min. A similar delay is seen after the 490 min event 307
and subsequent to the M w =7.4 teleseism a few hours later (Fig. 1b) . indicate cyclic oscillatory behavior with a peak power at 43 min also seen, though to a 313 lesser power, in the gravimetric record with a peak at 60 min. Since the gravimeter and 314 GPS receiver were not co-located with the VLF receiver during the experiment, we 315 attribute the differences in the periods to differences in the sub-surface dynamics at the two 316 locations. The seismic record is more global and identifies cycles at either location. See 317 also [Lagios, et al., 2005] . This site is undergoing anomalous CO 2 degassing 322 [Caliro, et al., 2005] . The periodic oscillations of both gravity (amplitudes up to 0.02 323 mGal) and VLF data are inversely correlated. The FFT power spectrum is shown in the 324 inset. The dominant period of the gravity cycles is 46 min, matching the periods of VLF 325 and seismic data recorded at May 16 (Fig. 2d) . A 46 min cycle is also visible in the VLF 326 data, however its power peaks at 32 min/cycle. These observations are in support of our 327 earlier speculation on the existence of significant short-term oscillations at the caldera 328 [Gottsmann, et al., 2005] . 329 330 331
